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Abstract
In this article we compute the two-loop supersymmetric QCD corrections to Higgs-quark-quark
couplings in the generic MSSM generated by diagrams involving squarks and gluinos. We give
analytic results for the two-loop contributions in the limit of vanishing external momenta for
general SUSY masses valid in the MSSM with general flavor structure.
Working in the decoupling limit (MSUSY ≫ v) we resum all chirally enhanced corrections (related
to Higgs-quark-quark couplings) up to order α
(n+1)
s tann β. This resummation allows for a more
precise determination of the Yukawa coupling and CKM elements of the MSSM superpotential
necessary for the study of Yukawa coupling unification.
The knowledge of the Yukawa couplings of the MSSM superpotential in addition allows us to
derive the effective Higgs-quark-quark couplings entering FCNC processes. These effective vertices
can in addition be used for the calculation of Higgs decays into quarks as long as MSUSY >
MHiggs holds. Furthermore, our calculation is also necessary for consistently including the chirally
enhanced self-energy contributions into the calculation of FCNC processes in the MSSM beyond
leading order.
At two-loop order, we find an enhancement of the SUSY threshold corrections, induced by the
quark self-energies, of approximately 9% for µ = MSUSY compared to the one-loop result. At
the same time, the matching scale dependence of the effective Higgs-quark-quark couplings is
significantly reduced.
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I. INTRODUCTION
In the MSSM diagrams with sfermions and gauginos as virtual particles generate im-
portant loop corrections to Higgs-quark-quark couplings. After the spontaneous breaking
of SU(2)L ⊗ U(1)Y at the electroweak scale, the Higgs fields acquire their vacuum expec-
tation values (VEVx),and the genuine vertex corrections to Higgs-quark-quark couplings
also generate chirality changing quark self-energies (or self-masses). Thus, there is a one
to one correspondence between loop corrections to three-point Higgs-quark-quark functions
and quark self-energies: The correction to a Higgs-quark-quark coupling is given by the
corresponding chirality-changing self-energy divided by the VEV of the involved Higgs field.
This means that we can simplify the calculation of three-point functions by reducing
the problem to the calculation of two-point functions (self-energies). In this way, the self-
energy contributions to quark masses can be directly related to effective Higgs-quark-quark
couplings which allow for an efficient calculation of the effective Higgs vertices.
The quark self-energies also modify the relation between the Yukawa couplings of the
MSSM superpotential and the quark masses (extracted from low-energy observables). Es-
pecially if tanβ (the ratio of the VEVs of the two Higgs fields) is large, these contributions
are generically very large and can be of order one [1, 2, 3, 4]. In an analogous way, also the
relation between the CKM matrix of the superpotential and the physical one is altered (by
chargino-squark diagrams in the MSSM with MFV [5, 6, 7, 8, 9] and in addition by squark-
gluino diagrams in the general MSSM [10, 11]). Because of these corrections the physical
quark masses and the measured CKM elements no longer equal the ones that appear in the
MSSM superpotential. One says that these relations are modified by so-called threshold
corrections, i.e.. by the decoupling of heavy particles. Since in Higgs decays Higgs mediated
FCNCs (like Bs(d) mixing and Bs(d) → µ+µ−) and in Higgsino vertices the Yukawa couplings
(of the superpotential) and not the physical quark masses enter, a precise knowledge of these
quantities and thus of the threshold corrections is necessary. Furthermore, in GUT models
with Yukawa coupling unification not the effective Yukawa coupling of the SM, but rather
the Yukawas of the superpotential unify and the SUSY threshold corrections must be taken
into account in order to judge whether they actually do unify [12, 13]. In conclusion, it is
desirable to know the relation between the parameters of the MSSM superpotential and the
physical, i.e.,measurable quantities, very precisely.
Having the relation between the Yukawa couplings (CKM elements) of the superpotential
and the physical quark masses (physical CKM elements) at hand, one can calculate the
effective Higgs couplings entering FCNC processes that include the SUSY loop corrections.
This is most easily achieved by matching the MSSM on the two-Higgs-doublet model of
type three (2HDM III). The loop-induced couplings of quarks to the “wrong” Higgs field,
i.e., to the Higgs that is not involved in the Yukawa term in the superpotential, induce
flavor-changing neutral Higgs couplings after switching to the physical basis in which the
quark mass matrices are diagonal in flavor space. These effective Higgs couplings can be
expressed entirely in terms of the physical masses and self-energies depending on MSSM
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parameters. Here a complication arises because these self-energies must be calculated using
the Yukawa couplings and the CKM elements of the superpotential, which must have been
determined previously in the process of renormalization by including the loop corrections,
i.e., by resumming the threshold corrections. This problem can be solved analytically in the
decoupling limit of the generic MSSM in which the self-energies are at most linear in the
Yukawa couplings [14].
The importance of these threshold corrections and thus of the chirally enhanced self-
energies motivates their calculation at NLO in αs. In the MSSM with MFV these corrections
have been calculated in Refs. [15, 16], [17] and [18, 19]. Here we want to extend this analysis
to the MSSM with generic sources of flavor violation and resum all chirally enhanced effects
using the results of Refs. [7, 10, 14, 20]. In addition, working in the approximation of
vanishing external momenta, we are able to give relatively simple analytic expressions for
the self-energies, and therefore also the resummation of all chirally enhanced corrections can
be (and is) performed analytically.
After discussing the quark self-energies (and their connection to Higgs-quark-quark cou-
plings in the decoupling limit of the MSSM) in the next section, we derive the relations
between the MSSM Yukawa couplings and the quark masses at LO in Sec. III. As the main
result of this article we calculate the SQCD contribution to the chirality-changing self-energy
at the two-loop level in Sec. IV. In Sec. V we discuss the topics of Sec. III at NLO. In Sec. VI
we derive the effective Higgs-quark-quark couplings and conclude in Sec. VII. Various ap-
pendices summarize the relevant one-loop results.
II. QUARK SELF-ENERGIES, EFFECTIVE LAGRANGIAN AND THE DECOU-
PLING LIMIT
As described in the Introduction, there is a one to one correspondence between chiral-
ity changing self-energies and Higgs-quark-quark couplings: In the decoupling limit of the
MSSM (MSUSY > v and MSUSY > p, where p is the external momentum) chirality chang-
ing self-energies are proportional to one power of a VEV only, and the corrections to the
Higgs-quark-quark couplings can be obtained by dividing the corresponding self-energy by
the VEV of the Higgs field involved. Thus, as long as the momentum flowing through the
Higgs is small compared to the SUSY masses and the SUSY masses are heavier than the
electroweak VEV, the decoupling limit is a valid approximation. In this approximation the
calculation of the Higgs-quark-quark three-point function can be reduced to the calculation
of quark self-energies. For this reason we will consider the quark self-energies in this section
in some detail and discuss the decoupling limit. The analysis is valid independent of the
loop order (concerning αs corrections) at which the self-energies are calculated.
In general, it is possible to decompose any quark (or any fermion) self-energy into
chirality-flipping and chirality-conserving parts in the following way:
Σqfi(p) =
(
Σq LRfi (p
2) + p/Σq RRfi (p
2)
)
PR +
(
Σq RLfi (p
2) + p/Σq LLfi (p
2)
)
PL . (1)
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Note that the chirality-flipping parts Σq RL,LRfi have dimension mass, while the chirality con-
serving parts Σq LL,RRfi are dimensionless.
In the following we will be interested in the contributions to Eq. (1) that involve heavy
SUSY particles. The reason for this is that only these contributions lead to the threshold
corrections entering the relation between the quark masses and the Yukawa couplings of the
MSSM superpotential. It is convenient to work in an effective field theory in which the part
of the effective Lagrangian containing mass terms and kinetic terms for the quarks is given
by
Leffq¯q = −
(
vqY
qi⋆
treeδfi + C
q RL
fi
)
Oq RLfi −
(
vqY
qi
treeδfi + C
q LR
fi
)
Oq LRfi
+
(
δfi − Cq RRfi
)
Oq RRfi +
(
δfi − Cq LLfi
)
Oq LLfi , (2)
with the operators defined as
Oq RLfi = qfPLqi , O
q LL
fi = iqf✓∂PL qi ,
Oq LRfi = qfPRqi , O
q RR
fi = iqf✓∂PR qi . (3)
Throughout this paper, the Wilson coefficients in the effective Lagrangian (2) (or, equiva-
lently, the operators) are renormalized in the MS scheme. The final results for the Wilson
coefficients will be written as an expansion in gs, where gs is meant to be the MS renor-
malized strong coupling constant of the effective theory, running with six (quark) flavors.
In Eq. (2) the term −vqY qitree δfi denotes the part of the Wilson coefficient of the operator
Oq RLfi that is induced at tree level by the Yukawa coupling of the MSSM superpotential. The
running of vqY
qi
tree (and also that of C
q RL
fi ) is the same as the one of the quark mass in the
SM (in the MS scheme). At the matching scale mSUSY, Y
qi
tree is just the Yukawa coupling Y
q
of the MSSM superpotential1. Note that Y qitree is not the effective Yukawa coupling of the
SM, which instead is obtained from the physical quark mass see (Eq. (11)).
The Wilson coefficients Cq LR,LRfi and C
q LL,RR
fi in Eq. (2) contain the effects of heavy
particles only. Self-energy diagrams involving no heavy SUSY particles, i.e. ordinary QCD
corrections containing only quarks and gluons, do not contribute to the Wilson coefficients
in the matching procedure, because they are the same on the full side (the MSSM) and on
1 The matching calculation for Y qitree is most easily done by using the MS scheme, both on the MSSM side
and on the effective theory side. When working up to order αs, we get at the matching scale mSUSY:
Y qitree = Y
qi , where Y qi denotes the Higgs-quark-quark coupling of the MSSM in the MS scheme. However,
it is well known that one should use the DR-scheme on the MSSM side, such that supersymmetry is
preserved. This can be achieved by the shift Y qi = (1+ αs4pi CF )Y
qi
DR
. This issue will be considered in more
detail in Sec. V. The matching condition then reads: Y qitree = (1 +
αs
4pi CF )Y
qi
DR
.
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the effective side (the 2HDM III or the SM). At the matching scale mSUSY we find for the
Wilson coefficients of Eq. (2), using the results for Σg˜ LLqf qi (0) and Σ
g˜ LR
qf qi
(0) given in Eq. (A2):
Cq LRfi =
αs
2π
W q˜fsW
q˜⋆
i+3,sCF mg˜
(
x2s ln (x
2
s)
1− x2s
)
,
Cq LLfi (0) = −
αs
4π
W q˜fsW
q˜⋆
is CF
(
ln
(
x2µ
)
+
3− 4x2s + x4s + (4x2s − 2x4s) ln (x2s)
2 (1− x2s)2
)
,
Y qtree = Y
q ,

at LO inαs .
(4)
Further, in the following we will focus on the nondecoupling pieces of Eq. (1), i.e., those
contributions that do not vanish in the limit MSUSY → ∞ (which also includes µ → ∞).
In contrast, all parts that vanish in this limit are called decoupling. There are two dif-
ferent kinds of decoupling contributions concerning self-energies (or effective Higgs-quark
couplings):
• The first kind of decoupling effects is related to the expansion of the self-energies in
powers of p2/M2SUSY. This expansion is certainly possible in on-shell configurations
because the SUSY particles are known to be much heavier than the external quarks.
In this series, higher order contributions are clearly suppressed for all light quarks and
even for the top quark, nondecoupling corrections are only of the order m2t/M
2
SUSY ≤
4% with respect to the leading term. Thus, higher orders in p2/M2SUSY can be safely
neglected as long as the external momentum p2 is small, which is the case for all
low-energy flavor observables.
• The second kind of decoupling effect is related to the mixing matrices (and also the
physical masses) of the MSSM particles (squarks and charginos/neutralinos) which
appear because the mass matrices of the SUSY particles are not diagonal in a weak
basis. These mixing matrices and mass eigenvalues can be expanded in powers of
v/MSUSY, and also in this case it turns out that the decoupling limit (i.e., the leading
order v/MSUSY) for realistic values of SUSY masses
2 is an excellent approximation to
the full expressions [20]. Beyond the decoupling limit higher dimensional operators
involving several Higgs fields would appear.
From dimensional analysis we see that all nondecoupling contributions are contained
in Σq RR,LLfi and Σ
q LR,RL
fi evaluated at p
2 = 0. Furthermore, the nondecoupling part of
Σq RR,LLfi (p
2 = 0) is independent of a VEV, while Σq LR,RLfi (p
2 = 0) is linear in v. Thus, in
the following we will work in the limit Σq RR,LLfi (p
2 = 0), Σq LR,RLfi (p
2 = 0) and only keep the
leading term in v that is equivalent to considering operators up to dimension 4 only. This
2 The new results of the CMS Collaboration [21] and the ATLAS experiment [22] require that squark and
gluino masses are at least of the order of 1 TeV.
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simplification allows us to perform an analytic resummation of all chirally enhanced effects
as developed in Ref. [14].
There is a fundamental difference between Σq LR,RLfi and Σ
q RR,LL
fi (and thus also between
Cq LR,RLfi and C
q RR,LL
fi ) even though both pieces do not decouple. We explain this issue
at one-loop order: Σq RR,LLfi enters always proportional to the quark mass itself into the
renormalization of the Yukawa coupling and CKM elements and thus has the same generic
size as an ordinary QCD loop correction (it is of order αs). Furthermore, as we will see
later, the Σq RR,LLfi even do not contribute to effective Higgs-quark-quark couplings at the
one-loop level [23]. On the other hand, Σq LR,RLfi can be “chirally enhanced” by a factor
of tanβ [24] or Afij/(Y
f
ijMSUSY) [10], which can compensate for the loop factor. Because
of this possible enhancement, Σq LR,RLfi generates the most important contribution to the
threshold corrections between Yukawa couplings and quark masses. The resulting Wilson
coefficients Cq LR,RLfi can even be of order one, i.e. numerically as large as the corresponding
physical quantities (mqi in the flavor-conserving case or Vfi × max [mqi , mqi] in the flavor-
changing one). Furthermore, concerning flavor-changing neutral Higgs couplings, Σq LR,RLfi
even constitutes the leading order, since these couplings are first generated at the one-loop
level.
Because the gluino contribution to Σq LR,RLfi involves the strong coupling constant, it is
the numerically dominant contribution to the threshold corrections modifying the relations
between the quark masses and the Yukawa coupling. Regarding flavor changes, in the
MSSM with MFV only the chargino contribution enters the renormalization of the CKM
matrix, but once there are sizable nonminimal sources of flavor violation, again the gluino
contribution becomes dominant. The neutralino contribution is in most regions of parameter
space suppressed (except if the gluino is much heavier than the other SUSY particles). Thus
we consider the gluino contribution in this article. The calculation of the chargino- and
neutralino-induced contributions to the threshold corrections and the effective Higgs-quark-
quark couplings is work in progress [25].
From the arguments given above we see that at any loop order (concerning αs corrections)
the chirality-flipping quark self-energy containing at least one gluino and one squark as
virtual particles is always proportional to one3 off-diagonal element ∆q LRij of the squark
mass matrix that, in the super-CKM basis, is given by
∆d LRij = −vdAdij − vuA′dij − vu µ Y d˜i δij ,
∆uLRij = −vuAuij − vdA′uij − vd µ Y u˜i δij ,
(5)
with ∆q RLij = ∆
q LR⋆
ji . Note the presence of the tilde in the Yukawa couplings Y
q˜i. This refers
to the fact that a squark-squark-Higgs coupling is involved, while Y qi entering the Wilson
coefficient Y qitree in Eq. (2) is a quark-quark-Higgs coupling. Of course, both of these couplings
3 More precisely, in the decoupling limit Σq LRfi is linear in ∆
dLR, while beyond the decoupling limit it
contains all add powers of ∆dLR.
6
are a priori equal in the MSSM owing to supersymmetry and could be identified with each
other from the beginning if the calculations of the chirality-flipping quark self-energies would
be performed in the DRscheme, in which supersymmetry is preserved. However, we decided
to work out in an intermediate step the SQCD two-loop corrections to the self-energies in
the MSscheme, i.e., in dimensional regularization followed by modified minimal subtraction
rather than using dimensional reduction. At this level, the two couplings Y qi and Y q˜i are
different and therefore have to be distinguished in the notation. We will discuss this in more
detail in Sec. V.
The elements ∆q LRij generate chirality-enhanced effects with respect to the tree-level quark
masses if they involve the large VEV vu (tan β enhancement for the down quark) or a trilinear
A(′)q term A
(′)q
ij /(Y
q
ijMSUSY)-enhancement.
A. Decomposition of quark self-energy contributions
We diagonalize the full 6× 6 squark mass matrices in the following way4:
W q˜†M2q˜ W q˜ = diag(m2q˜1 , m2q˜2, m2q˜3 , m2q˜4, m2q˜5, m2q˜6) , (6)
where mq˜s (s = 1, ..., 6) denote the physical squark masses.
In the decoupling limit, i.e., to leading order in v/MSUSY, the chirality-flipping elements
∆q LR can be neglected in the determination of the squark mixing matrices W q˜ and the
physical squark masses m2q˜s. The down (up) squark mass matrices are then block diagonal
and diagonalized by the mixing matrices ΓijDL,Γ
ij
DR (Γ
ij
UL,Γ
ij
UR) in the following way:
W q˜†decM2q˜W q˜dec = diag(m2q˜L1 , m
2
q˜L2
, m2q˜L3
, m2q˜R1
, m2q˜R2
, m2q˜R3
) , W q˜dec =
(
ΓQL 0
0 ΓQR
)
. (7)
The 3× 3 matrices ΓijQL and ΓijQR (Q = U,D) take into account the flavor mixing in the left-
left and right-right sector of sfermions, respectively. It is further convenient to introduce
the abbreviations
Λq LLm ij = Γ
im
QL Γ
jm⋆
QL , (q = u, d),
Λq RRmij = Γ
im
QR Γ
jm⋆
QR , (8)
where i, j,m = 1, 2, 3, and the index m is not summed over.
On the other hand, left-right mixing of squarks is not described by a mixing matrix,
but rather treated perturbatively in the form of two-point q˜Ri -q˜
L
j vertices governed by the
couplings ∆q LRji , i.e., by what is called mass insertions [28].
4 Note that our mixing matrices W q˜ correspond to the Hermitian conjugate of the matrices ΓQ defined in
Refs. [26, 27].
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For the relations between the Yukawa couplings and the quark masses (to be discussed
in Sec. III) and for the effective Higgs-quark-quark vertices (see Sec. VI) it is necessary to
decompose CdLR,RLii according to its Y
d dependence as
CdLRii = C
dLR
ii Yi
+ ǫdi vu Y
d˜i . (9)
where, as the notation implies, CdLR
ii Yi
is independent of a Yukawa coupling. Note that we
did the decomposition with respect to the Yukawa coupling Y d˜i , as CdLRfi can only involve
Y d˜i but not Y di see Eq. (5).
For the discussion of the effective Higgs-quark-quark vertices in Sec. VI we also need a
decomposition of Σq LRji and thus of C
q LR
ji into its holomorphic and nonholomorphic parts
5.
In the decoupling limit (and in the approximation mq = 0) all holomorphic self-energies are
proportional to A terms. Thus we denote the holomorphic part of the Wilson coefficient
as Cf LRjiA , while the nonholomorphic part (which can be induced by the µ term or by an A
′
term) is denoted as C ′q LRji . This means that we have the relation
Cq LRji = C
q LR
jiA + C
′q LR
ji . (10)
III. RELATIONS BETWEEN QUARK MASSES AND YUKAWA COUPLINGS
AT LEADING ORDER IN αs
Let us discuss the renormalization6 of quark masses and Yukawa couplings induced by
nondecoupling self-energy contributions to the Wilson coefficients Cq LR,RLji and C
q LL,RR
ji in
the MSSM. For this purpose we focus on the flavor-conserving case, but we will return
to the flavor-changing one in Sec. VI. As it turns out, flavor-changing self-energies only
contribute to the relation between quark masses and Yukawa couplings at higher orders in
the perturbative diagonalization of the quark mass matrices.
For the renormalization and the inclusion of the threshold corrections it is very important
to distinguish between the Yukawa couplings of the MSSM superpotential Y q and the “effec-
tive” Yukawa couplings of the SM (or the 2HDM of type III) Y qeff = mqi/vq. At the matching
scale MSUSY the running quark mass mqi of the SM is related to the Yukawa coupling of the
MSSM in the following way:
vqY
qi
eff = mqi =
(
vqY
qi
tree + C
q LR
ii
)
×
(
1 +
1
2
(
Cq LLii + C
q RR
ii
))
. (11)
The term
1
2
(
Cq LLii + C
q RR
ii
)
originates from rendering the kinetic terms of the effective the-
ory diagonal, or, equivalently in the full theory from the Lehmann-Symanzik-Zimmermann
factor that originates for the truncation of the external legs.
5 With (non-)holomorphic we mean that the loop induced Higgs coupling is to the (opposite) same Higgs
doublet as involved in the corresponding Yukawa coupling of the MSSM superpotential.
6 Throughout this article, renormalization is not only understood as the process of removing divergences,
but also as the altering of the relations between different quantities induced by loop contributions.
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As discussed in the last section, only Σq LRii (or equivalently C
q LR
ii in the effective theory)
can be chirally enhanced. If we restrict ourselves to this term we recover (in the decoupling
limit in which Cq LRii is proportional to one power of Y
di at most) the well-known resumma-
tion formula for tanβ-enhanced corrections, with an additional correction attributable to
the A terms [15] (and possibly the A′ terms). The resummation formula at leading order is
given by7
Y di =
mdi − CdLR (1)ii
vd
=
mdi − Cd LR (1)ii Yi
vd
(
1 + tanβǫ
d (1)
i
) , (12)
with ǫ
d (1)
i and C
dLR (1)
ii Yi
defined through Eq. (9). The superscript (1) denotes the fact that a
corresponding quantity is calculated at the one-loop order.
IV. CALCULATION OF THE WILSON COEFFICIENT Cq LRfi AT NLO
In this section we describe the calculation of the two-loop contribution to Cq LRfi , discuss
the issue of renormalization, show the expected reduction of the matching scale dependence
and discuss the decoupling limit in which only one coupling to a VEV of a Higgs field is
involved. To be specific, we describe in the following the calculation and the results for the
down quark, i.e., Cd LRfi , and mention at the very end how C
u LR
ij can be obtained.
In the following we write the Wilson coefficient Cd LRfi as
Cd LRfi = C
dLR (1)
fi + C
dLR (2)
fi + . . . , (13)
where C
dLR (1)
fi and C
dLR (2)
fi denote the one- and two-loop contributions, respectively. We
perform the two-loop matching calculation (order α2s) for the Wilson coefficient C
d LR
fi in
D = (4−2ε) dimensions, using dimensional regularization, both for the full theory (MSSM)
and for the effective theory in Eq. (2). The complete list of genuine 1-PI two-loop diagrams
contributing in the full theory is shown in Fig. 1 (generated with FeynArts [30, 31]).
As the first two diagrams (involving squark tadpoles) give rise to some subtle points
concerning renormalization, we ignore them in this subsection and take into account their
impact on CdLRfi only in the next subsection.
A. Matching calculation for C
dLR (2)
fi ignoring tadpoles
In the full theory we first calculate the 1-PI two-loop diagrams (diagrams 3 - 16 in Fig. 1)
in the approximation mq = 0 and p = 0, but to all orders in v/mSUSY (using exact diago-
nalization of the squark mass matrices). All diagrams except diagram 16 can be calculated
7 For large flavor-changing elements also a contribution involving two self-energies can be important for
the renormalization of the light quark masses [29]. In this case the resummation formula reads for i = 1:
Y d1 =
md1 − CdLR11✚Y1 −
CdLR13 C
dLR
31
md3
vd
(
1 + tanβǫd1
)
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1di df
g˜
ds˜ dt˜
ur˜
2
di df
g˜
ds˜ dt˜
dr˜
3
di
df
g˜ ds˜
dj
dt˜ g˜
4
di
df
di dt˜
g˜
g g˜
5
di
df
g˜ g
g˜
dt˜ df
6
di
df
g˜ df
dt˜
dt˜ g
7
di
df
di g˜
dt˜
g dt˜
8
di
df
g˜ g˜
g
dt˜ dt˜
9
di df
g˜
ds˜
dj
g˜
dt˜
10
di df
dt˜
g˜
uj
us˜
g˜
11
di df
dt˜
g˜
uj
us˜
g˜
12
di df
dt˜
g˜
dj
ds˜
g˜
13
di df
dt˜
g˜
dj
ds
v˜
g˜
14
di df
g˜
dt˜
dt˜
g
dt˜
15
di df
dt˜
g˜
g˜
g
g˜
16
di df
g
di
g˜
dt˜
df
FIG. 1: Genuine 1-PI two-loop diagrams involving squarks and gluinos necessary for the calculation
of C
dLR (2)
fi .
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by naively setting mq = 0 and p = 0. Diagram 16, however, leads to two contribution: the
hard contribution, which amounts to the naive limit of vanishing quark masses and external
momenta of the full two-loop diagram, and the soft contribution which amounts to the same
limit but only for the heavy one-loop subdiagram [32]. As the soft contribution is identical
to the one-loop gluon correction to −i Cd LR (1,D)fi Od LRfi in the effective theory8, this contri-
bution drops out in the matching for C
dLR (2)
fi . As this soft contribution is the only one that
is infrared singular, this means in particular that C
dLR (2)
fi is free of infrared problems, as it
should be.
We then add the counterterm contributions in the full theory which are induced by the
renormalization of the parameters m2q˜s, mg˜ and αs in the corresponding one-loop result
(where at this level of the calculation these three parameters are renormalized in the MS
scheme). The explicit expressions are listed in Sec. A 3 a. In one of these counterterm con-
tributions the squark-mass counterterm δm2q˜s enters. Of course, when ignoring the tadpole
diagrams in this section, the tadpole contribution to δm2q˜s also has to be ignored.
Besides the renormalization of the parameters in the full theory, we also have to attach
one-loop wave function renormalization constants for the external quark legs to the corre-
sponding one-loop result. These wave function renormalization constants have two contribu-
tions: One from a self-energy with a gluon-quark loop and another one from a gluino-squark
loop. The first one is also present in the effective theory and consequently drops out in the
determination of C
dLR (2)
fi , while the second one contributes. Since we perform the renor-
malization in the MS scheme, only the divergent pieces of Σg˜ LL,RRdf di enter C
dLR (2)
fi while the
finite part gives rise to CdLL,RRfi .
We now turn to the effective theory. Here, we have to work out one-loop QCD correc-
tions to −i Cd LR(1,d)fi Od LRfi , i.e., the 1-PI diagram, attach the wave function renormalization
constants and take into account the effect of the (MS) renormalization constant δZO of the
operator OdLRfi . While the first two get canceled against contributions in the full theory (as
already mentioned above), the effect of the renormaliztion constant of the operator enters
the matching condition for C
dLR(2)
fi .
Putting things together, we get the following (schematic) matching equation:
− i δZO Cd LR(1,d)fi − i Cd LR(2)fi = D3 + . . .+D15 +Dhard16 − i
[
CTmg˜ + CTmq˜s + CTαs
]
−i1
2
[
δZheavy2,f + δZ
heavy
2,i
]
C
d LR(1,d)
fi . (14)
Here CTmg˜ , CTmq˜s and CTαs stand for the contributions induced by the insertions of the
corresponding counterterms into the one-loop diagram and Di represents the contribution
stemming from diagram i of Fig 1. As already mentioned, we did our two-loop calculation
in dimensional regularization. So far the parameters mg˜, mq˜s and αs appearing in the full
theory were renormalized according to the MS scheme. Also the various Z−factors appearing
8 C
dLR(1,D)
fi is the one-loop Wilson coefficient in D = (4 − 2ε) dimensions, i.e. CdLR (1,D)fi = Σd˜ LRdfdi (0), see
Eq. (A2).
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in Eq. (14) are renormalized in the MS scheme. The result for C
d LR(2)
fi we get at this level
corresponds to the sum of the first five terms on the right-hand side of Eq. (23). When
giving the explicit expressions for these terms, we freely made use of the unitarity properties
of the W q˜ mixing matrices.
We should be more precise concerning gs (or αs). In our calculation of the full theory
side gs stands for gs,Y , i.e. for the strong coupling constant of the Yukawa type of the full
MSSM renormalized in the MS scheme. As we want to express the final result for the Wilson
coefficient C
dLR (2)
fi in terms of g
(6)
s,MS
, i.e. by the strong coupling constant of the SM in the
MS scheme running with six flavors, we make use of the relation [33, 34]
αs,Y (µ) =
{
1 +
αs
4π
1
3
[
(nf + 6) ln(x
2
µ)−
6∑
s=1
(ln(xs) + ln(ys)) + 4CA − 3CF
]}
α
(6)
s,MS
(µ) .
(15)
Actually, this relation summarizes three steps: first, the transition from gs,Y in the
MS scheme to gs of the full MSSM in the DRscheme; second, the decoupling of the SUSY
particles, leading to gs running with six (quark) flavor in the DR scheme; third. the transi-
tion to g
(6)
s,MS
. Eq. (15) leads to the additional piece C
(2),shiftαs
fi in Eq. (23).
In principle we should have performed our calculation (of the full theory side) using dimen-
sional reduction, which preserves supersymmetry, followed by modified minimal subtraction.
The corresponding result for C
dLR (2)
fi can be reconstructed by also shifting the parameter
mq˜s and mg˜ from the MS scheme to the DR−scheme in the expression for CdLR (1)fi . As only
mg˜ gets such a shift at the relevant order in αs, we denote this contribution in Eq. (23) as
C
(2),mg˜
MS
→mg˜
DR
fi .
This completes the derivation of the matching condition for C
dLR (2)
fi when ignoring the
tadpole contribution (i.e. diagrams 1 and 2). Note that we performed our calculation using
the expression for the gluon propagator in an arbitrary Rξ gauge and found a gauge-invariant
result for C
dLR (2)
fi .
B. The squark tadpole
The diagrams containing a squark-tadpole self-energy as a subdiagram require close ex-
amination. Diagram 1 vanishes but the squark-tadpole contained in diagram 2 contains
a divergence that enforces a renormalization of both the physical squark masses and the
trilinear couplings of squarks to the Higgs field (the Yukawa couplings and the A terms).
Thus it has to be decomposed into the corresponding two parts.
Let us first consider the decoupling limit in which the expressions are simpler but the
structure of the divergences is the same as in the full theory because higher powers (two or
more) of ∆q LRij generate finite contributions only. In the decoupling limit Eq. (A14) simplifies
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vq˜i+3 q˜f
q˜fq˜i+3
A
q
fi + µY
qiδfi
H0
q˜s q˜s
q˜s
a) b)
FIG. 2: Decomposition of the squark tadpole that is contained in diagram 2 of Fig. 1 as a subdia-
gram: In the decoupling limit the squark tadpole is either proportional to one element ∆q LRij (a)
or independent of ∆q LRij (b). In the first case, it connects left-handed with right-handed squarks,
while in the second case it is flavor and chirality conserving (proportional to δst). The divergence of
the piece proportional to ∆q LRij is absorbed by the counterterms to Y
q and Aq while the divergence
of the piece stemming from diagram b) is canceled by a squark mass counterterm.
to
− αs
4π
CF
(
δstm
2
q˜s − 2
3∑
i,j=1
(
δi′+3,sΓ
ii′⋆
QR∆
q RL
ij Γ
jj′
QLδj′t + δi′sΓ
ii′⋆
QL∆
q LR
ij Γ
jj′
QRδj′+3,t
)) 1
ε
+ finite .
(16)
Here we clearly see that to render the first term in Eq. (16) finite, which is flavor diagonal
(corresponding to Fig. 2 (b)), a renormalization of the squark masses is necessary. On the
other hand, for canceling the divergence of the second term in Eq. (16) (corresponding to
diagram a) in Fig. 2), which is proportional to ∆q LRij , a counterterm to the Yukawa coupling
and theA term contained in ∆q LRij is necessary. The latter point can be seen as follows: In the
decoupling limit the amputated chirality-changing squark two-point function for q˜Lj′ → q˜Ri′ is
given, at lowest order in αs, by
Γii
′⋆
QR∆
q RL
ij Γ
jj′
QL . (17)
From this we can read off the common renormalization renormalization constant ZY of the
Yukawa couplings Y q˜i and the Aqij and the A
′q
ij terms, obtaining in the minimal subtraction
scheme (DR or MS)
ZY = 1− αs
4π
2CF
1
ε
. (18)
In fact, it turns out that this renormalization of the Yukawa couplings is necessary for
maintaining supersymmetry with respect to the Yukawa coupling involved quark-quark-
Higgs coupling and the one of the squark-squark-Higgs coupling.
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C. Result for Cd LRfi retaining all powers of v/MSUSY
For the Wilson coefficient Cd LRfi of the two-quark operator qfPRqi we write the general
decomposition
CdLRfi = C
dLR(1)
fi + C
dLR(2)
fi ≡
αs
4π
C
(1)
fi +
(αs
4π
)2
C
(2)
fi . (19)
From Eq. (A2) we directly obtain
C
(1)
fi =
6∑
t=1
(
4mg˜ CF W
d˜
ftW
d˜⋆
i+3,t
x2t ln (xt)
1− x2t
)
. (20)
Here we introduced the abbreviations
xt = md˜t/mg˜ , (21)
and for later convenience we also define
yt = mu˜t/mg˜, , xµ = µ/mg˜ , (22)
where µ is the renormalization scale.
According to the detailed description in the previous subsections, we decompose the
Wilson coefficient C
(2)
fi into various pieces:
C
(2)
fi = C
(2),1
fi +C
(2),2
fi +C
(2),3
fi +C
(2),4
fi +C
(2),µ
fi +C
(2),shiftαs
fi +C
(2),mg˜
MS
→mg˜
DR
fi +C
(2),TP
fi . (23)
We freely made use of the unitarity of the mixing matrices W q˜ and obtain
C
(2),1
fi =
3∑
j=1
6∑
s,t=1
{
2W d˜ftW
d˜⋆
j+3,tW
d˜⋆
i+3,sW
d˜
j+3,smg˜ CF (2CF − CA)
1
(1− x2s) (1− x2t )
×
[
(1− x2s)2 Li2 (1− x2s)− (1− x2t )2 Li2 (1− x2t ) + (x2s − x2t )2 Li2 (1− x2t/x2s)
−4 x2t (x2t − x2s) ln(xs) ln(xt) + 6 x2s (x2t − 1) ln(xs)− 6 x2t (x2s − 1) ln(xt)
+2 x2t (x
2
s − 1) ln2(xt) + 2 (x4s + x4t − 3 x2t x2s + x2s) ln2(xs)
]}
+
6∑
t=1
{
4W d˜ftW
d˜⋆
i+3,tmg˜ CF (2CF − CA)
x2t
(1− x2t )2
× [(1− 2 x2t ) ln2(xt)− 2 (1− x2t ) ln(xt)]} ,
(24)
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C
(2),2
fi =
6∑
s,t=1
{
W d˜ftW
d˜⋆
i+3,t tr mg˜ CF
(1− x2t )2
×{4(1− x2s) (−x2s + 2 x2t − 1) Li2(1− x2s)
−4(xs + xt)2 (xs − xt)2 Li2(1− x2s/x2t )
−4x2tx2s (1 + (4− 2x2s) ln (xs)) (1− x2t + (1 + x2t ) ln (xt))
−1
3
[48 (ln(xt) ln(xs)x
2
s (x
2
t − x2s − x4t ) + ln2(xt)x2t (x2t − x2s)− ln(xt) x4t − x2t )
+24 (ln(xt) ln(xs)x
4
sx
2
t (1 + x
2
t ) + ln(xs)x
2
sx
2
t (x
2
t − 1) + ln(xt) x2t + ln2(xt)x4s)
+12 (ln(xt)x
2
sx
2
t (1− x2t ) + ln(xs) x4s (1− x4t )− x2sx2t )
+6x2s + 6x
2
sx
4
t + 30x
4
t + 18]}} ,
(25)
C
(2),3
fi = C
(2),2
fi (xs → ys) , (26)
C
(2),4
fi =
6∑
t=1
{
2W d˜f,tW
d˜⋆
i+3,tmg˜ CF
×{(−3CA + 2CF ) Li2(1− x2t )
+
1
3 (1− xt)2 (1 + xt)2
× [trnf ((24 ln2(xt)− 12) x4t + (24 ln(xt) + 12) x2t)
+6CA
(
(3 ln2(xt)− 11 ln(xt) + 9) x4t + (3 ln(xt)− 14) x2t + 5
)
+3CF
(−(2 ln(xt) + 1) x4t − (12 ln2(xt)− 12 ln(xt) + 7) x2t + 8 ln(xt) + 8)]}} ,
(27)
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C
(2),µ
fi =
6∑
t=1
{
−4W d˜f,tW d˜⋆i+3,tmg˜ CF
ln(x2µ)
(1− x2t )2
× [trnf (−2x2t ((2 ln(xt)− 1) x2t + 1))
+CA (3x
2
t ((2 ln(xt)− 1) x2t + 1))
+
CF
2
(−(4 ln(xt)− 1)x4t + (2 ln(xt) + 3)x2t − 8 ln(xt)− 4)
]}
,
(28)
C
(2),shiftαs
fi =
6∑
t=1
{
−4W
d˜
f,tW
d˜⋆
i+3,tmg˜ CF x
2
t ln(xt)
3 (1− x2t )
[
6∑
s=1
(ln(xs) + ln(ys))− 4CA + 3CF
]
+
4 (nf + 6) W
d˜
f,tW
d˜⋆
i+3,tmg˜ CF x
2
t ln(xt)
3 (1− x2t )
ln(x2µ)
}
,
(29)
C
(2),mg˜
MS
→mg˜
DR
fi = −2
6∑
t=1
{
W d˜ftW
d˜⋆
i+3,tmg˜ CF CA
(1 + x2t ) (1− x2t + 2x2t ln(xt))
(1− x2t )2
}
, (30)
C
(2),TP
fi = −2mg˜C2F
6∑
t=1
{
W d˜ftW
d˜⋆
i+3,t
x2t
(1− x2t )2
(1− x2t + 2 ln(xt))
(
1− 2 ln(xt) + ln(x2µ)
)}
−8mg˜C2F
3∑
j,j′=1
6∑
s,t,s′=1
[
W d˜fs
(
W d˜⋆j′+3,sW
d˜
j′+3,tW
d˜⋆
jt W
d˜
js′ +W
d˜⋆
j′sW
d˜
j′tW
d˜⋆
j+3,tW
d˜
j+3,s′
)
W d˜⋆i+3,s′
×
x2t
(
2 ln (xt)− ln
(
x2µ
)− 1)(x2sx2s′ ln(xs′xs
)
+ x2s ln (xs)− x2s′ ln (xs′)
)
(x2s − x2s′) (x2s − 1) (x2s′ − 1)
 .
(31)
In the MSSM we have
CA = 3 , CF = 4/3 , tr = 1/2 and nf = 6 . (32)
To summarize, Eqs. (20) and (23) contain the full result for the Wilson coefficient Cd LRfi
where the A terms, the Yukawa coupling, the squark and the gluino masses of the MSSM
are renormalized in the DR scheme, while gs stands for the strong coupling constant of the
SM in the MS scheme, running with six flavors. The effective operators, or equivalently the
Wilson coefficients, are understood to be renormalized according to the MS scheme.
So far, we discussed the derivations of Cd LRfi . The corresponding result C
d LR
fi for up
quarks can be obtained by replacing W d˜ with W u˜ and exchanging x and y.
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D. Reduction of the matching scale dependence at NLO
The purpose of our NLO calculation is also the reduction of the matching scale dependence
of the effective Higgs couplings that can serve as an estimate of the theory uncertainty. This
reduction not only is an improvement achieved by our NLO calculation but also serves as
an additional check of its correctness.
As we will see in the next section, the quantity directly related to the Higgs couplings is
Cˆq LRfi defined as
Cˆq LRfi = C
q LR (1)
fi + C
q LR (2)
fi +
1
2
(
Cq LLff C
q LR (1)
fi + C
q LR (1)
fi C
q LL
ii
)
+O (α2s, α
3
s tanβ) .
(33)
We use in the following the decomposition Cˆq LRfi = Cˆ
q LR,(1)
fi +Cˆ
q LR,(2)
fi . At LO in our counting
of αs and tan β we have Cˆ
q LR,(1)
fi = C
q LR,(1)
fi .
Cˆq LRfi (and thus also Cˆ
q LR (1)
fi ) at a fixed low scale µlow is obtained from Cˆ
q LR
fi at the
matching scale µ0 via
Cˆq LRij (µlow) = U (µlow, µ0) Cˆ
q LR
ij (µ0) . (34)
This evolution is the same as for the quark masses in the SM. The explicit NLL expression
can be taken, e.g., from Eq. (4.81) in Ref. [35]. It is this expression that we use for the
numerical study in Sec. IVE when doing the evolution to the low scale µlow.
However, for showing analytically the reduced matching scale dependence, it is sufficient
to assume that the scale µlow is close to the matching scale µ0 so that it is not necessary to
resum large logarithms. In this case the evolution matrix U (µlow, µ0) can be expanded as
U (µlow, µ0) ≈ 1 + αs (µ0) γ
(0)
m
8π
ln
(
µ20
µ2low
)
, γ(0)m = 6CF . (35)
At LO Cˆq LRij depends only implicitly on the renormalization scale via the scale dependence
of various parameters. For small changes of the original matching scale µ0 to a new matching
scale µ, we get
Cˆ
q LR(1)
ij (µ)
Cˆ
q LR(1)
ij (µ0)
≈ 1 + αs (µ0)
4π
(β0 + S) ln
(
µ20
µ2
)
. (36)
The contribution involving β0 comes from expressing αs(µ) in terms of αs(µ0), while the
one involving S is attributable to the corresponding manipulation of the squark and gluino
masses, the Yukawa couplings and the A (and A′) terms. Together with Eq. (34) and Eq. (35)
the variation of the matching scale leads to the following ratio
U (µlow, µ) Cˆ
q LR(1)
ij (µ)
U (µlow, µ0) Cˆ
q LR(1)
ij (µ0)
≈ 1 + αs (µ0)
4π
(
β0 + S − γ
(0)
m
2
)
ln
(
µ20
µ2
)
. (37)
The explicit µ dependence proportional to αs in this ratio has to be compensated when
going to NLO.
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FIG. 3: Dependence on the matching scale µ of the one-loop and two-loop results for Cˆq LRfi (µlow),
using MSUSY = 1 TeV and µlow = mW . Red (dashed): matching done at LO; blue (darkest):
matching done at NLO matching. As expected, the matching scale dependence is significantly
reduced. For the one-loop result, Cˆq LRfi is understood to be C
q LR (1)
fi (see text).
The piece of Cˆ
q LR(2)
ij with explicit scale dependence (with contributions from Eqs. (28),
(29), (31), and from Eq. (33) through Cq LLff and C
q LL
ii ), can be compactly written as
Cˆ
q LR (2),µ
ij (µ) =
αs(µ)
4π
[
S − 2 trnf + 3CA − 3CF + nf
3
+ 2
]
Cˆ
q LR (1)
ij (µ) ln(x
2
µ) . (38)
Using this information, we finally get at NLO
U (µlow, µ) Cˆ
q LR
ij (µ)
U (µlow, µ0) Cˆ
q LR
ij (µ0)
≈ 1 + αs (µ0)
4π
(
β0 + S − γ
(0)
m
2
− S + 2 trnf − 3CA + 3CF − nf
3
− 2
)
ln
(
µ20
µ2
)
= 1 ,
(39)
as expected.
E. Numerics
In this section we study the numerical importance of our two-loop corrections and the
reduced matching scale dependence compared to the one-loop result.
The matching scale dependence, as shown in Fig. 3 for SUSY masses of 1 TeV, is signifi-
cantly reduced as expected from the previous subsection. Note that the relative importance
of the NLO result is to a very good approximation independent of the size of ∆q LRij .
The relative importance of the two-loop contribution to Cˆq LRij (µ) is shown in Fig. 4 as
a function of the matching scale µ. For SUSY masses of 1 TeV the α2s corrections lead to
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FIG. 4: Relative importance of the two-loop corrections as a function of the matching scale µ.
We see that the two-loop contribution is approximately +9% of the one-loop contribution for
µ =MSUSY = 1TeV. Cˆ
q LR
fi is defined in Eq. (33).
a constructive contribution of approximately 9% compared to the one-loop result that is in
agreement with Ref. [16]. Again, the relative importance of the NLO result is to a very good
approximation independent of the size of ∆q LRij .
F. Transition to the decoupling limit
While the two-loop contributions calculated in this section are obtained in the approxi-
mation p = mq = 0, the results given in Sec. IVC still contain all powers v/MSUSY implicitly
via the squark mixing matrices W q˜ and the physical squark masses mq˜s involved. The tran-
sition to the decoupling limit, in which all chirally enhanced corrections can be resummed
analytically, can be done by the following prescription.
In all parts of the genuine two-loop contributions listed above (Eq. (24)–Eq. (30)) only
two mixing matrices occur, except in Eq. (24) and Eq. (31). Eq. (24) contains the following
combinations of mixing matrices and a loop-function f which depends on squarks masses
mq˜s and mq˜t
6∑
s,t=1
3∑
j=1
W d˜ftW
d˜⋆
j+3,tW
d˜⋆
i+3,sW
d˜
j+3,s f(x
2
s, x
2
t ) . (40)
Note that in the decoupling limit, the squark with index s in Eq. (40) must be a linear
combination of right-handed squark only, since otherwise at least two chirality changes (two
insertions of ∆d LRij ) would be necessary. Thus we can replace
W d˜⋆i+3,sW
d˜
j+3,s → Γik⋆DRΓjkDR = ΛdRRk ji and x2s → x2Rk , (41)
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where k only runs from 1 to 3 and we defined
x2L(R)k =
m2
q˜
L(R)
k
m2g˜
. (42)
The resulting expression
6∑
t=1
3∑
k,j=1
W d˜ftW
d˜⋆
j+3,tΛ
dRR
k ji f(x
2
Rk, x
2
t ) (43)
can now be expanded in powers of v/MSUSY which amounts at leading order to the replace-
ment
6∑
t=1
W d˜ftW
d˜⋆
j+3,tf(. . . , x
2
t ) →
3∑
m,n,j′,j′′=1
ΛdLLm fj′′∆
dLR
j′′j′ Λ
dRR
n j′j
f(... , x2Lm)− f(... , x2Rn)
m2
q˜Lm
−m2
q˜Rn
, (44)
where the dots represent possible additional dependences on squark masses. Now we apply
Eq. (44) to Eq. (43) and use
3∑
j=1
Λ
d (LL)RR
m fj Λ
d (LL)RR
n ji = Λ
d (LL)RR
m fi δmn . (45)
The final result for Eq. (40) in the decoupling limit is then
3∑
m,n,j′,j′′=1
ΛdLLm fj′′∆
dLR
j′′j′ Λ
dRR
n j′i
f(x2Rn, x
2
Lm)− f(x2Rn, x2Rn)
m2
q˜Lm
−m2
q˜Rn
. (46)
For Eq. (31) a similar procedure works. It contains the following combination of mixing
matrices with a loop function depending on three different squark masses with the indices
s, t, and s′
6∑
s,t,s′=1
3∑
j,j′=1
W d˜fs
(
W d˜⋆j′+3,sW
d˜
j′+3,tW
d˜⋆
jt W
d˜
js′ +W
d˜⋆
j′sW
d˜
j′tW
d˜⋆
j+3,tW
d˜
j+3,s′
)
W d˜⋆i+3,s′ f(x
2
s, x
2
t , x
2
s′) .
(47)
Note that the first term in Eq. (47) vanishes in the decoupling limit since it necessarily
involves multiple chirality flips. For the second term two replacements analogous to Eq. (41)
have to be performed, and after using two times the relation in Eq. (45) the decoupling limit
of Eq. (47) reads
3∑
m,n,j′,j′′=1
ΛdLLm fj′′∆
d LR
j′′j′ Λ
dRR
n j′i
f(x2Lm, x
2
Lm, x
2
Rn)− f(x2Lm, x2Rn, x2Rn)
m2
q˜Lm
−m2
q˜Rn
. (48)
This result involves the same combination of mixing matrices as the one in Eq. (46).
To all other parts of Cfi the rule in Eq. (44) can be applied directly to obtain the
corresponding expression in the decoupling limit.
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V. RELATIONS BETWEEN QUARK MASSES AND THE MSSM YUKAWA
COUPLINGS AT NLO
Beyond one-loop Eq. (11) and Eq. (12) for the determination of Y d can easily be general-
ized to higher loop orders because the chirality changing self-energy (and also the resulting
Wilson coefficient) is still proportional to one element ∆d LRij in the decoupling limit, as
shown in Sec. IVF. However, since we are dealing with order one corrections, we must spec-
ify how we count contributions at higher loop orders in αs. C
q LR (1)
fi is proportional αs tan β
and C
q LR (2)
fi is proportional to α
2
s tan β. Here, tanβ stands schematically for a chiral en-
hancement factor, also including Aqij/(Y
q
ijMSUSY). We will count αs tan β as order one and
thus α2s tan β as order αs. Since C
q LL,RR
fi is not chirally enhanced, the only relevant term
in our approximation (of order αs) is the one-loop contribution. Thus, C
q LL,RR
fi is always
understood to be the one-loop contribution proportional to αs.
To derive the relation between the quark masses and the Yukawa couplings of the MSSM
superpotential at NLO we also need to specify the renormalization scheme used for the
matching procedure. Let us explicitly denote the renormalization scheme for the quantities
in the matching condition Eq. (11) (at the scale mSUSY) which is important at NLO:
vqY
qi MS
eff = m
MS
qi
=
(
vqY
qiMS
tree + C
q LR (1)
iiMS
+ C
q LR (2)
ii
)
×
(
1 +
1
2
(
Cq LLii + C
q RR
ii
))
. (49)
Again, Y qiMStree is the Wilson coefficient induced via the Yukawa coupling of the MSSM. This
means at the matching scale it is given by:
Y qi MStree (µSUSY) = Y
qi
MS
(µSUSY) =
(
1 +
αs
4π
CF
)
Y qi
DR
(µSUSY) . (50)
In our counting in αs and tan β the renormalization scheme for C
q LL
ii and C
q RR
ii is irrelevant.
Note that the quark mass mqi is understood to be evaluated at the matching scale. Further,
one should recall from the last section that despite the fact that we renormalized Cq LRii in
the MS scheme, it contains parameters given in the DR scheme, e.g. Y q˜i = Y qi
DR
. Since we
are interested in Y q˜i, the Yukawa coupling of the MSSM superpotential, we must express
Y qi MStree in Eq. (49) in terms of Y
q˜i
DR
via Eq. (50) so that we can solve for Y qi
DR
.
In conclusion we arrive at the NLO generalization (order α2s tanβ) of Eq. (11):
Y di
DR
=
mMSdi − CˆdLRii Yi
vd
(
1 +
αs
4π
CF + tan βǫˆ
d
i
) , (51)
with Cˆq LRfi defined in Eq. (33) and the corresponding equation for ǫˆ
d
i . Here ǫ
d(1)
i and ǫ
d (2)
i
are defined in direct analogy to Eq. (13). Further, the Wilson coefficients appearing here
are assumed to be in the decoupling limit. Eq. (51) constitutes the NLO determination of
the Yukawa coupling of the superpotential. When later inserting the Yukawa coupling into
the Wilson coefficients, one has to use this relation9.
9 The generalization to the CKM matrix can be achieved following the procedure of [7, 10, 11]
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The electroweak contributions (involving charginos and neutralinos) to the relation be-
tween the quark masses and the Yukawa couplings are in most regions of the parameter space
subleading compared to the strong contributions. However, the LO electroweak corrections
are easily as large as the NLO SQCD corrections and should be included in a numerical
analysis. This can be achieved by simply adding the corresponding contributions to CˆdLR
ii Yi
and ǫˆdi in Eq. (51).
VI. EFFECTIVE HIGGS VERTICES
To derive the effective Higgs-quark-quark couplings10 we have to assume that the exter-
nal momenta (flowing through the Higgs-quark-quark vertex) are much smaller than the
masses of the virtual SUSY particles running in the loop. This assumption limits the ap-
plicability of the resulting Feynman rules. If mH0 , mA0, mH± ≪ MSUSY (H0, A0, and H±
denote the neutral CP-even, CP-odd and the charged Higgs boson, respectively), the ef-
fective Feynman rules can be used for the calculation of all flavor-observables (also if the
Higgs is propagating in a loop) and for processes with a Higgs on the mass shell. If the
hierarchy mH0 , mA0 , mH± ≪ MSUSY is not satisfied the effective Higgs vertices can still be
used for processes in which the momentum flow through the Higgs-quark-quark vertex is
small compared to MSUSY which is true for all low-energy flavor observables with tree-level
Higgs exchange (like Bd,s → µ+µ−, B+ → τ+ν or the double Higgs penguin contributing to
∆F = 2 processes).
As discussed in the Introduction we use an effective field theory approach in our study of
the Higgs-quark-quark couplings which simplifies the calculations significantly. This means
that we match the MSSM on the 2HDM of type III at the scaleMSUSY rather than calculating
the Higgs-quark-quark coupling within the MSSM.
Let as first consider the effective Lagrangian of a general 2HDM (including Higgs-quark-
quark couplings and kinetic terms):
Leff = Q¯af L
((
Y d treefi ew + E
d ew
fi
)
ǫbaH
b⋆
d −E ′d ewfi Hau
)
di R
+ Q¯af L
((
Y u treefi ew + E
u ew
fi
)
ǫabH
b⋆
u − E ′u ewfi Had
)
ui R
+ d¯f Ri✓∂
(
δfi −Rd ewfi
)
di R + u¯f Ri✓∂
(
δfi −Ru ewfi
)
ui R
+ Q¯af Li✓∂
(
δfi − Lq ewfi
)
Qai L ,
(52)
10 In principle also the renormalization of the Higgs potential should be addressed. Our derivation of chirally
enhanced flavor effects does not depend on the specific relations between Higgs self-couplings and their
masses. Since no chirally enhanced effects occur in the Higgs sector, it is consistent to use the tree-level
values for the Higgs parameters. However, one can as well use the NLO values for the Higgs masses and
mixing angles which might be even better from the numerical point of view.
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where adding the Hermitian conjugate of the terms involving Higgs fields is implicitly meant.
The Higgs doublets are defined as
Hd =
(
H1d
H2d
)
=
(
H0d
H−d
)
,
Hu =
(
H1u
H2u
)
=
(
H+u
H0u
)
.
(53)
In Eq. (52) a, b denote SU(2)L - indices and ǫab is the two-dimensional antisymmetric ten-
sor with ǫ12 = −1. We introduced the holomorphic couplings Eq ewfi , the nonholomorphic
couplings E ′q ewfi (q = u, d), and the contributions to the kinetic terms R
d,u ew
fi and L
q ew
fi .
Here the superscript “ew” refers to the fact that these terms are given in a weak-interaction
eigenbasis. In Eq. (52) we already anticipated the MSSM where the terms E
(′)q ew
fi , L
q ew
fi
and Rq ewfi are loop induced but Y
u tree
fi ew and Y
d tree
fi ew are generated at tree level via the MSSM
Yukawa couplings11.
To connect the effective theory to the MSSM we go to the super-CKM basis, in which
the Yukawa couplings are diagonal, by rotating the fields
qj L,R → U q L,R(0)ji qi L,R , (54)
such that
U
q L(0)⋆
kf Y
q tree
kj ew U
q R(0)
ji = Y
qi
treeδfi . (55)
We now break the electroweak symmetry and write the effective Lagrangian in component
form:
Leff = u¯f LV (0)fj
((
Y
dj
treeδji + E
d
ji
)
H2⋆d − E ′djiH1u
)
di R
+ d¯f LV
(0)⋆
jf
((
Y
uj
treeδji + E
u
ji
)
H1⋆u − E ′ujiH2d
)
ui R
− d¯f L
((
Y
df
treeδfi + E
d
fi
)
H1⋆d + E
′d
fiH
2
u
)
di R
− u¯f L
((
Y
uf
treeδfi + E
u
fi
)
H2⋆u + E
′u
fiH
1
d
)
ui R
+ d¯f Ri✓∂
(
δfi − Rdfi
)
di R + u¯f Ri✓∂
(
δfi − Rufi
)
ui R
+ d¯f Li✓∂
(
δfi − Ldfi
)
di L + u¯f Li✓∂
(
δfi − Lufi
)
ui L
− d¯f L
((
Y
df
treeδfi + E
d
fi
)
vd + E
′d
fivu
)
di R
− u¯f L
((
Y
uf
treeδfi + E
u
fi
)
vu + E
′u
fivd
)
ui R ,
(56)
11 In principle, without knowing anything about the MSSM, the holomorphic corrections could be absorbed
into an effective Yukawa coupling (and also the corrections to the kinetic terms Rd,u ewfi and L
q ew
fi would not
be physical). However, once we go back to the MSSM with the SUSY breaking terms as input parameters,
also the holomorphic corrections become physical.
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where V (0) = Uu L(0)†Ud L (0) is not the physical CKM matrix, but rather the CKM matrix
generated by the misalignment of the Yukawa couplings. Adding the Hermitian conjugate
of the mass terms and the terms involving Higgs fields is tacitly understood. The terms
Eqfi = U
q L(0)⋆
kf E
q ew
kj U
q R(0)
ji
E ′qfi = U
q L(0)⋆
kf E
′q ew
kj U
q R(0)
ji
Rqfi = U
q R(0)⋆
kf R
q ew
kj U
q R(0)
ji
Ldfi = U
d L(0)⋆
kf L
q ew
kj U
d L(0)
ji
Lufi = U
u L(0)⋆
kf L
q ew
kj U
u L(0)
ji = V
(0)
fk L
d
kjV
(0)⋆
ij
(57)
are now given in the super-CKM basis. Note that this is the same basis as the one in which
the effective Lagrangian of Eq. (2) is given (and the same basis in which we calculated
the MSSM contributions to the Wilson coefficients). Thus, comparing the last four lines of
Eq. (56) to Eq. (2) we have the following relation between the Wilson coefficients and the
terms of the 2HDM III Lagrangian (at an arbitrary loop order):
Edfi =
CdLRfiA
vd
, E ′dfi =
C ′ dLRfi
vu
,
Eufi =
CuLRfiA
vu
, E ′ufi =
C ′uLRfi
vd
,
Lqfi = C
q LL
fi , R
q
fi = C
q RR
fi .
(58)
Now we want to go to the physical basis with flavor diagonal mass terms and canonical
kinetic terms. As a first step we render the kinetic terms canonical by a field redefinition:
qi L →
(
δij +
1
2
Lqij
)
qj L ,
qi R →
(
δij +
1
2
Rqij
)
qj R .
(59)
Consider now the quark mass matrices. The redefinition of the fields in Eq. (59) also leads
to a shift in down-quark mass matrix so that it is now given by
mdfi =
(
ˆˆ
Edfi +
ˆˆ
Y d treefi
)
vd + vu
ˆˆ
E ′dfi =
ˆˆ
Cd LRfi + vd
ˆˆ
Y d treefi ,
mufi =
(
ˆˆ
Eufi +
ˆˆ
Y u treefi
)
vu + vd
ˆˆ
E ′ufi =
ˆˆ
Cu LRfi + vu
ˆˆ
Y u treefi ,
(60)
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where we have defined
ˆˆ
E
(′)q
fi = E
(′)q
fi +
1
2
3∑
j=1
(
LqfjE
(′)q
ji + E
(′)q
fj R
q
ji
)
,
ˆˆ
Y q treefi = Y
qi
treeδfi +
1
2
3∑
j=1
(
Cq LLfj Y
qi
treeδji + Y
qf
treeδfjC
q RR
ji
)
,
ˆˆ
Cq LRfi = C
q LR
fi +
1
2
3∑
j=1
(
Cq LLfj C
q LR
ji + C
q LR
fj C
q RR
ji
)
.
(61)
Note that the quantities with a double hat contain also the contributions from flavor-
changing LL and RR Wilson coefficients, while the quantities with one hat (see Eq. (33) and
Eq. (67)) only contain the flavor-conserving LL and RR Wilson coefficients.
We now diagonalize the quark mass matrices by a bi-unitary transformation
U q L⋆kf m
q
kjU
q R
ji = mqiδfi , (62)
where the rotation matrices
U q L =

1
mq12
mq2
mq13
mq3
−mq⋆12
mq2
1
mq23
mq3
−mq⋆13
mq3
+
mq⋆12m
q⋆
23
mq2mq3
−mq⋆23
mq3
1

, U q R =

1
mq⋆21
mq2
mq⋆31
mq3
−mq21
mq2
1
mq⋆32
mq3
−mq31
mq3
+
mq32m
q
21
mq2mq3
−mq⋆32
mq3
1

(63)
are obtained from a perturbative diagonalization of the quark mass matrix12.
Switching to the physical basis in which the quark mass matrices are diagonal, these
rotations modify the effective Lagrangian as follows [20]:
Leff = u¯f LUu L⋆kf V (0)kk′
(
mdk′j
vd
H2⋆d − ˆˆE ′dk′j (H1u + tan (β)H2⋆d )
)
Ud Rji di R
+ d¯f LU
d L⋆
kf V
(0)⋆
k′k
(
muk′j
vu
H1⋆u − ˆˆE ′uk′j (H2d + cot (β)H1⋆u )
)
Ud Rji ui R
− d¯f LUd L⋆kf
(
mdkj
vd
H1⋆d +
ˆˆ
E ′dkj (H
2
u − tan (β)H1⋆d )
)
Ud Rji di R
− u¯af LUu L⋆kf
(
mukj
vu
H2⋆u +
ˆˆ
E ′ukj (H
1
d − cot (β)H2⋆u )
)
Uu Rji ui R + h.c.
(64)
where we skipped the mass terms and the kinetic terms. This can be further simplified by
using the physical CKM matrix given by
Vfi = U
u L⋆
jf V
(0)
jk U
d L
ki . (65)
12 Note that these rotations are identical to the ones obtained in the diagrammatic approach (see Ref. [20]
for details).
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In addition, we define the abbreviations
E˜ ′qfi = U
q L⋆
kf
ˆˆ
E ′qkjU
q R
ji
= Eˆ ′qfi −

0 Eˆ ′q22cˆ
q LR
12 Eˆ
′q
33
(
cˆq LR13 − cˆq LR12 cˆq LR23
)
Eˆ ′q22cˆ
q LR
21 0 Eˆ
′q
33cˆ
q LR
23
Eˆ ′q33
(
cˆq LR31 − cˆq LR32 cˆq LR31
)
Eˆ ′q33cˆ
q LR
32 0

fi
≡ Eˆ ′qfi −∆Eˆ ′qfi .
(66)
Note that in this expression only quantities with a single hat defined as
Eˆ
(′)q
fi = E
(′)q
fi +
1
2
(
LqffE
(′)q
fi + E
(′)q
fi R
q
ii
)
, (67)
and cˆq LRij defined by combining Eq. (33) with
cq LRji =
Cq LRji
max{mqj , mqi}
, (68)
enter. This is in agreement with the finding of Ref. [23] that the effect of the flavor-changing
LL and RR self-energies drops out in the effective Higgs vertices.
Finally, to arrive at the effective Feynman rules we project the fields H0u and H
0
d onto the
physical components H0, h0, A0 and H± as
H0u =
1√
2
(
H0 sinα+ h0 cosα + iA0 cos β
)
,
H0d =
1√
2
(
H0 cosα− h0 sinα + iA0 sin β) ,
H1⋆u = cos (β)H
− ,
H2d = sin (β)H
− . (69)
Using Eq. (65), Eq. (66), and Eq. (69), the effective Lagrangian in Eq. (64) leads to the
following effective Higgs-quark-quark Feynman rules13 shown in Fig. 5 (note that the CKM
13 Note that some of the Higgs-quark-quark couplings are suppressed by a factor cosβ or sinα stemming
from the Higgs mixing matrices. If one decides to keep these suppressed couplings, one should be aware
of the fact that they receive proper vertex corrections in which the suppression factor does not occur and
which are thus tanβ enhanced with respect to the tree-level couplings. Such enhanced corrections to the
coupling of H± to right-handed up quarks are important for b→ sγ [36, 37].
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H0k
qi qf ufdi
H−
i
(
ΓLR H
0
k
qf qi
PR + Γ
RL H0k
qf qi
PL
)
i
(
ΓLR H
−
ufdi
PR + Γ
RL H−
ufdi
PL
)
FIG. 5: Higgs-quark vertices with the corresponding Feynman rules. The couplings with exchanged
chirality structure are obtained from Eq. (70) by using ΓRLHqfqi = Γ
LRH⋆
qiqf
.
matrix V in the charged Higgs coupling is the physical one):
Γ
LRH0
k
ufui = x
k
u
(
mui
vu
δfi − E˜ ′ufi cot β
)
+ xk⋆d E˜
′u
fi ,
Γ
LRH0
k
dfdi
= xkd
(
mdi
vd
δfi − E˜ ′dfi tanβ
)
+ xk⋆u E˜
′d
fi ,
ΓLRH
±
ufdi
=
3∑
j=1
sin β Vfj
(
mdi
vd
δji − E˜ ′dji tanβ
)
,
ΓLRH
±
dfui
=
3∑
j=1
cos β V ⋆jf
(
mui
vu
δji − E˜ ′uji tanβ
)
, (70)
where for H0k = (H
0, h0, A0) the coefficients xkq are given by
xkd =
(
− 1√
2
cosα,
1√
2
sinα,
i√
2
sin β
)
, xku =
(
− 1√
2
sinα, − 1√
2
cosα,
i√
2
cos β
)
.
(71)
It is important to keep in mind that the cˆq LRij in Eq. (66) must be calculated using the
quantities Y q and V (0) of the MSSM superpotential.
Note that without the nonholomorphic corrections E ′qij the rotation matrices U
q L,R would
simultaneously diagonalize the effective mass terms and the neutral Higgs couplings in
Eq. (64). However, in the presence of nonholomorphic corrections this is no longer the
case and apart from a flavor-changing nonholomorphic correction a term proportional to
a flavor-conserving nonholomorphic correction times a flavor-changing self-energy is also
generated.
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A. Effective Higgs-quark-quark vertices at NLO
The effective Higgs-quark-quark vertices at NLO in the MSSM are obtain in the following
way: After inserting the definition for E˜ ′qfi (see Eq. (66)) into Eq. (70) we express Eˆ
(′)q
fi
through Cˆ
(′)q
fi according to Eq. (58).
VII. CONCLUSIONS
In this article we computed the genuine two-loop SQCD corrections to the chirality-
changing quark self-energies. In the limit where the external momentum and the quark mass
are zero, we presented relatively simple analytic results without making further assumptions
on the SUSY spectrum. Because of the one-to-one correspondence (in the decoupling limit)
between chirality-changing quark self-energies and Higgs-quark-quark vertices, this is an
efficient and elegant way of calculating at the same time not only effective Higgs vertices,
but also the Yukawa couplings and CKM elements of the MSSM superpotential in terms of
the physical quark masses and the physical CKM matrix.
Our next-to-leading order results increase the values of Wilson coefficients Cq LRfi of the
operators qf PR qi by approximately 9% compared to the values obtained at leading order.
This means that, since at large tan β the threshold corrections to the Yukawa couplings of
the two-loop correction is O(10%). At the same time the matching scale uncertainty of
the effective Higgs-quark-quark couplings and of the corresponding Wilson coefficients is
significantly reduced (see Fig. 3).
We resummed all chirally enhanced corrections modifying the relation between the quark
masses and the Yukawa couplings of the MSSM superpotential up to order αn+1s tan
n β (see
Eq. (51)). The resulting MSSM Yukawa couplings can be used for a precision study of
Yukawa unification. Furthermore, using these Yukawa couplings, we derived effective Higgs-
quark-quark vertices (see Eq. (70)) entering the calculation of FCNC processes and also of
Higgs decays, as long as the momentum transfer is small compared to the SUSY scale.
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Appendix A: One-loop results
Here we summarize various one-loop results necessary for the two-loop calculation of the
chirality flipping self-energy (see [38] for details). Unless stated otherwise, all expressions
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appearing in this appendix were obtained in dimensional regularization. The matrices W q
diagonalize the squark mass matrices according to Eq. (6) and we use the definitions:
xs =
md˜s
mg˜
, ys =
mu˜s
mg˜
, xµ =
µ
mg˜
. (A1)
1. Self-energies
Here we give the explicit one-loop results for quark, gluino, and squark self-energies in
dimensional regularization, where we put D = 4 − 2ε and write the renormalization scale
in the form µeγ/2/(
√
4π). Our conventions are such that the calculation of the truncated
self-energy diagrams give −iΣ.
a. Quark
The one-loop quark self-energies induced by gluinos and squarks are given by
Σg˜ LRqf qi (0) =
αs
2π
W q˜fsW
q˜⋆
i+3,sCF mg˜ B0(0;m
2
g˜, m
2
q˜s)
=
αs
2π
W q˜fsW
q˜⋆
i+3,sCF mg˜
(
x2s ln (x
2
s)
1− x2s
−εx
2
s
(
ln2 (x2s)− 2 ln (x2s)− 2 ln (x2s) ln
(
x2µ
))
2 (1− x2s)
+O (ε2)
)
,
Σg˜ LLqf qi (0) =
αs
2π
W q˜fsW
q˜⋆
i,s CF B1(0;m
2
g˜, m
2
q˜s)
= −αs
4π
W q˜fsW
q˜⋆
is CF
(
1
ε
+ ln
(
x2µ
)
+
3− 4x2s + x4s + (4x2s − 2x4s) ln (x2s)
2 (1− x2s)2
)
+ O (ε) .
(A2)
Using unitarity, we can replace B0(0;m
2
g˜, m
2
q˜s) by [B0(0;m
2
g˜, m
2
q˜s)−B0(0;m2g˜, 0)] in the first
line of Σg˜ LRqf qi (0). This we did when writing the explicit expression.
The ordinary gluon correction reads in Feynman gauge
Σg LL,RRqfqi (p
2) =
αs
4π
CF (d− 2)B1
(
p2;m2qi, 0
)
δfi ,
=
αs
4π
CF
(
−1
ε
+
(p2)
2 −m4qi
(p2)2
ln
(
m2qi − p2 − i0
m2qi
)
− m
2
qi
p2
+ ln
(
m2qi
µ2
)
− 1
)
δfi
+O(ε) ,
(A3)
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Σg LR,RLqf qi (p
2) =
αs
4π
CF dmqi B0
(
p2;m2qi, 0
)
δfi ,
=
αs
π
CF mqi
(
1
ε
+
m2qi − p2
p2
ln
(
m2qi − p2 − i0
m2qi
)
− ln
(
m2qi
µ2
)
+
3
2
)
δfi
+O(ε) .
(A4)
Note that Eq. (A3) and Eq. (A4) are given in dimensional regularization (not dimensional
reduction).
b. Gluino
Here we assume that of the three gaugino masses the gluino mass is chosen to be real
which is always possible. For the gluino self-energy the part induced by a gluon reads
Σgg˜g˜
(
p2
)
=
αs
4π
CA
(
dmg˜B0
(
p2;m2g˜, 0
)
+ ✁p (d− 2)B1
(
p2;m2g˜, 0
))
, (A5)
which decomposes for on-shell gluinos into
Σg LR,RLg˜g˜
(
m2g˜
)
=
αs
π
CAmg˜
(
1
ε
+
3
2
+ ln
(
x2µ
))
+O (ε) ,
Σg LL,RRg˜g˜
(
m2g˜
)
= −αs
4π
CA
(
1
ε
+ 2 + ln
(
x2µ
))
+O (ε) ,
(A6)
where we inserted the explicit expressions for the loop functions. The part of the gluino
self-energy with squarks and quarks as virtual particles in the approximation mq = 0 is
given by
Σqq˜ LR,RLg˜g˜
(
p2
)
= 0 ,
Σqq˜ LL,RRg˜g˜
(
p2
)
=
αs
4π
2 tr
6∑
s=1
(
B1
(
p2; 0, m2
d˜s
)
+B1
(
p2; 0, m2u˜s
))
, (A7)
where the latter reads explicitly for on-shell gluinos
Σqq˜ LL,RRg˜g˜
(
m2g˜
)
= −αs
4π
2 tr
[(
1
ε
+ 2 + ln
(
x2µ
))
nf
−1
2
6∑
s=1
(
x2s + (1− x2s)2 ln
(
x2s − 1− i 0
x2s
)
+ ln (x2s) + (xs → ys)
)]
+O (ε) ,
(A8)
with nf = 6. The quantities Σ
LL
g˜ (m
2
g˜) and Σ
LR
g˜ (m
2
g˜) that appear in eq. (A26) are defined as
ΣLL,LRg˜ (m
2
g˜) = Σ
g LL,LR
g˜g˜
(
m2g˜
)
+ Σqq˜ LL,LRg˜g˜
(
m2g˜
)
. (A9)
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c. Squark
For the squark self-energy we have
Σq˜sq˜t = Σ
g
q˜sq˜t
+ Σg˜qq˜s q˜t + Σ
q˜
q˜s q˜t
, (A10)
where the parts refer to the squark self-energy with gluon
Σgq˜sq˜t
(
p2
)
=
αs
4π
CF
(
2
(
p2 +m2q˜s
)
B0
(
p2;m2q˜s, 0
)− A0 (m2q˜s)) δst , (A11)
Σgq˜sq˜t
(
m2q˜s
)
= 3
αs
4π
CFm
2
q˜s
(
1
ε
− ln (x2s)+ ln (x2µ)+ 73
)
δst +O (ε) , (A12)
the squark self-energy with quark and gluino
Σg˜qq˜sq˜t (p
2) =
αs
2π
CF
(
A0
(
m2g˜
)
+
(
m2g˜ − p2
)
B0
(
p2;m2g˜, 0
))
δst ,
Σg˜qq˜sq˜t
(
m2q˜s
)
=
αs
2π
CF m
2
g˜
[
2− x2s
ε
+ 3− 2 x2s + (2− x2s) ln
(
x2µ
)
+
(
1
x2s
+ x2s − 2
)
ln (1− x2s − i0)
]
δst +O (ε) ,
(A13)
and the squark tadpole self-energy of Fig. 2 (for up (down) type squarks only the diagram
with internal up (down) squarks is nonzero):
Σq˜q˜q˜s q˜t = −
αs
4π
CF
(
δstA0
(
m2q˜s
)
−2
3∑
i,j=1
6∑
s′=1
(
W q˜⋆i+3sW
q˜
i+3s′W
q˜⋆
js′W
q˜
jt +W
q˜⋆
is W
q˜
is′W
q˜⋆
j+3s′W
q˜
j+3t
)
A0
(
m2q˜s′
))
= −αs
4π
CF
[
δstm
2
q˜s
(
1
ε
+ 1− ln (x2s) + ln
(
x2µ
))
− 2
3∑
i,j=1
6∑
s′=1
(
W q˜⋆i+3sW
q˜
i+3s′W
q˜⋆
js′W
q˜
jt +W
q˜⋆
is W
q˜
is′W
q˜⋆
j+3s′W
q˜
j+3t
)
m2q˜s′
×
(
1
ε
+ 1− ln (x2s′) + ln
(
x2µ
))
+O (ε)
]
(A14)
Note that Σq˜q˜q˜sq˜t is independent of the external momentum. The part proportional to δst in
Eq. (A14) is due to diagram b) of Fig. 2 while the second part, which is proportional to at
least one element ∆q LRij , is generated by diagram a).
Note that in the sum of all contributions to the diagonal squark self-energy there is no
divergence proportional to p2 and thus no wave-function renormalization is needed in order
to render the diagonal squark two point function finite.
31
2. Loop functions
The one-loop functions A0(m
2), B0(p
2;m21, m
2
2), and B1(p
2;m21, m
2
2) in the previous para-
graph are defined as
A0(m
2) =
16π2
i
µ2εeγε
(4π)ε
∫
ddℓ
(2π)d
1
[ℓ2 −m2] (A15)
B0(p
2;m21, m
2
2) =
16π2
i
µ2εeγε
(4π)ε
∫
ddℓ
(2π)d
1
[ℓ2 −m21] [(ℓ+ p)2 −m22]
(A16)
B1(p
2;m21, m
2
2) p
µ =
16π2
i
µ2εeγε
(4π)ε
∫
ddℓ
(2π)d
ℓµ
[ℓ2 −m21] [(ℓ+ p)2 −m22]
(A17)
The function B0(m
2
1, m
2
2) which also appears, is an abbreviation for B0(0;m
2
1, m
2
2). We give
now relations among these functions and explicit versions for specific arguments
A0 (m
2) = m2
[
1
ε
+ ln
(
µ2
m2
)
+ 1 +
(
π2
12
+ 1 + ln
(
µ2
m2
)
+
1
2
ln2
(
µ2
m2
))
ε+O(ε2)
]
,
B0 (m
2
1, m
2
2) =
A0 (m
2
1)− A0 (m22)
m21 −m22
,
C0 (m
2
1, m
2
2, m
2
2) =
∂B0 (m
2
1, m
2
2)
∂m22
,
B0 (p
2;m2, 0) =
1
ε
− ln
(
m2
µ2
)
+ 2 +
m2 − p2
p2
ln
(
m2 − p2 − i0
m2
)
+O(ε) ,
B1 (p
2;m2, 0) =
1
2 p2
[A0(m
2)− (p2 +m2)B0 (p2;m2, 0)] ,
B1 (p
2; 0, m2) =
1
2 p2
[−A0(m2)− (p2 −m2)B0 (p2;m2, 0)] ,
B1(0;m
2
1, m
2
2) = −
1
2
(
1
ε
+ ln
(
x2µ
)
+
3− 4x2 + x4 + (4x2 − 2x4) ln (x2)
2 (1− x2)2
)
,
(A18)
with x = m2/m1.
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3. One-loop renormalization and counterterms
a. One-loop counterterm diagrams
Squark-mass counterterm diagram:
ΣLR mq˜CTqf qi =
αs
2π
CF mg˜
6∑
s=1
δm2q˜sW
d˜
fsW
d˜⋆
i+3sC0
(
m2q˜s, m
2
q˜s, m
2
g˜
)
=
αs
2π
CF mg˜
6∑
s=1
W d˜fsW
d˜⋆
i+3s
δm2q˜s
m2g˜
1
(1− x2s)2
[ln (x2s) + 1− x2s
+ ε
(
ln
(
x2µ
)
(1− x2s + ln (x2s))−
1
2
ln2 (x2s) + (ln (x
2
s)− 1)x2s + 1
)] (A19)
Gluino mass counterterm diagram:
ΣLR mg˜CTqf qi =
αs
2π
CF δmg˜
6∑
s=1
W d˜fsW
d˜⋆
i+3s
(
B0
(
m2g˜, m
2
q˜s
)
+ 2m2g˜C0
(
m2q˜s , m
2
g˜, m
2
g˜
))
=
αs
2π
CF δmg˜
6∑
s=1
W d˜fsW
d˜⋆
i+3s
[−x2s ((1 + x2s) ln(x2s) + 2 (1− x2s))
(1− x2s)2
−ε x
2
s
2(1− x2s)2
[
4 (1− x2s) + 2 (1 + x2s) ln(x2s)− (1 + x2s) ln2(1− x2s)
+ (4 (1− x2s) + 2 (1 + x2s) ln(x2s)) ln(x2µ)
]]
(A20)
αs counterterm diagram
ΣLR αs CTqf qi =
δαs
2π
CF mg˜
6∑
s=1
W d˜fsW
d˜⋆
i+3sB0
(
m2g˜, m
2
q˜s
)
=
δαs
2π
CF mg˜
6∑
s=1
W q˜fsW
q˜⋆
i+3,s
[
x2s ln (x
2
s)
1− x2s
−ε x
2
s
2 (1− x2s)
(
ln2 (x2s)− 2 ln (x2s)− 2 ln (x2s) ln
(
x2µ
))]
(A21)
b. Renormalization of the Yukawa couplings in the MSSM
Because of supersymmetry, the renormalization of the Yukawa coupling in the quark-
quark-Higgs vertex Y qi and the one in squark-squark-Higgs vertex Y q˜i must be identical14.
Indeed, we explicitly find that the counterterms for these couplings are the same
Y qi,q˜i(0) = Y qi,q˜i + δY qi,q˜i, δY qi,q˜i = −αs
4π
2
ε
CFY
qi,q˜i , (A22)
which even holds in the MS scheme and in the DR scheme at the one-loop level.
14 This also includes that the renormalization of the Yukawa coupling entering the squark mass matrices is
the same as the renormalization of the quark-quark-Higgs coupling.
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c. A term renormalization
In the approximation mq = 0 the SQCD renormalization of the A-terms is the same as
of the Yukawa coupling15.
d. Squark mass renormalization
We write the connection between the squares of bare and the renormalized squark masses
as (
m0q˜t
)2
= (mq˜t)
2 + δm2q˜t . (A23)
From Eq. (A12), Eq. (A13), and Eq. (A14) and by taking into account that the second term
of Eq. (A14) only renormalizes the Yukawa coupling (and the A, A′ terms), we can easily
read of δm2q˜t . We obtain in the MS scheme:
δm2q˜t =
αs
4π
CF m
2
g˜
(
(x2t + 4)− x2t
) 1
ε
, (A24)
where the contribution proportional to (x2t + 4) comes from Eq. (A12) and Eq. (A13) while
the term −x2t stems from the part of Eq. (A14) proportional to δst.
e. Gluino-mass renormalization
We decompose the gluino self-energy according to Eq. (1). Expressing the bare mass
(marked with the superscript (0)) in terms of the physical one
m0g˜ = mg˜ + δmg˜ , (A25)
we get in the on-shell scheme
δmg˜ = −mg˜ ΣLLg˜ (m2g˜)− ΣLRg˜ (m2g˜) . (A26)
For details see Ref. [38]. In the MS scheme only the divergence of the right-hand side enters:
i.e., we get in this scheme
δmg˜ = −αs
4π
mg˜ (3CA − 2 tr nf ) 1
ε
. (A27)
f. Renormalization of gs in the MSSM
In lowest order, the strong coupling constant involved in Cq LRfi is Yukawa type. The
relation between the bare and the renormalized version reads g0s,Y = (1 + δZgs,Y )gs,Y , where
the renormalization constant in the MS scheme is given by
δZgs,Y =
αs
4π
[
tr nf − 3
2
CA
]
1
ε
. (A28)
15 If mq 6= 0 the quark-gluino correction to A-terms induced flavor-non-diagonal (divergent) corrections.
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Note that at one loop the renormalization constant is the same for the MS scheme and the
DR scheme.
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